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Introduction
An initial ballistic evaluation of conventionally rolled AZ31B-H24 plate has been performed and serves as a baseline (1) . Powder metallurgy (P/M) processing can control the microstructure by refining grains and intermetallics and producing nonequilibrium alloy compositions of metals (2) . In particular, rapid solidification processing by atomization is often used to prepare raw powders with ultrafine microstructures. In this study, a water atomization process was applied to produce coarse magnesium alloy powders with fine grains and intermetallic compounds (3). Samples were consolidated by using the conventional P/M process such as cold compaction, spark plasma sintering, and hot extrusion. The alloy microstructures and mechanical properties, along with the ballistic performance of P/M wrought magnesium alloys, were evaluated. The effects of alloy elements and microstructures on the mechanical properties and ballistic performance are discussed in detail in this report.
Powder Metallurgy
Two kinds of magnesium alloy powder produced by water atomization process were prepared in this study-AZ31B (Mg-3Al-1Zn-0.3Mn/mass%) and AMX602 (Mg-6Al-0.5Mn-2Ca/mass%) (4) coarse powders. The powder size of each formulation was 1-4 mm, as shown in figure 1 , reducing the potential of the magnesium catching fire. Samples were compacted by applying 300 MPa at room temperature. The relative density of the green compact 94-mm-diameter samples of AZ31B and AMX602 was 92% and 90%, respectively. Each powder was then supplied to the spark plasma sintering (SPS) process (5) to accelerate the metallurgical bonding between powders. In the SPS process, the raw powder filled a carbon die with a diameter of 95 mm. The temperature was controlled at 473 K in a vacuum less than 4 Pa, and a consolidation pressure of 10 MPa was applied during sintering in 1.8 ks. The relative density of the SPS compact of AZ31B and AMX602 was 72% and 70%, respectively. Each compact was heated at 573, 598, and 623 K and immediately processed by hot extrusion. The extrusion ratio and speed was 40 and 50 mm/s, respectively. The final plate specimen, 40 mm wide and 5 mm thick, was obtained by hot extrusion. Figure 2 indicates optical microstructures of AMX602 raw materials: atomized fine (a), coarse powders (b), machined chips (c), and cast ingot (d). Fine powder (a) reveals small dendrite structures formed by rapid solidification. Due to the smaller solidification ration during atomization, coarse powder shows larger grains than those of fine powder (a). Compared to machined chips (c) and cast material (d), the powders have almost the same grain size of 60-150 µm, and some intermetallic compounds were observed at their grain boundaries. In particular, machined chips, shown in figure 2c , have a lot of twinning induced by machining. Figure 3 shows x-ray diffraction patterns of AMX602 wrought alloys extruded at 573 and 673 K when using atomized powder compacts (a) and cast ingot (b). Their microstructures, observed by SEM, are shown in figure 4 , where (a) and (b) indicate the powder compacts and cast ingot, respectively. When employing atomized powders, the fine grains caused by dynamic recrystallization are observed. The lower extrusion temperature of 573 K is effective in forming the finer microstructures with a mean grain size of ~0.45 µm, which is measured by applying the image-scanning software to the scanning electron microscopy (SEM) photo. Very fine white particles are Al 2 Ca compounds precipitated during heating prior to hot extrusion. In the case of cast ingots, figure 4b-1, the mean grain size of extruded materials at 573 and 673 K is 1.96 and 3.29 µm, respectively. The higher temperature caused grain coarsening. Both wrought alloys using AMX602 cast ingots contained coarse intermetallics as well. As shown in figure 5 , SEM-energy dispersive spectroscopy (EDS) analysis results on the specimen indicate the intermetallic dispersoids were mainly Al 2 Ca compounds and exist at grain boundaries. The other results showed Al-Mn compounds with spherical shapes.
Mechanical Properties
Both intermetallics are typical of the conventional AMX602 cast ingot. Micro Vicker's hardness of each material was as follows: powder extruded at 573 K, 113 Hv; powder extruded at 673 K, 94.3 Hv; cast ingot extruded at 573 K, 77.0 Hv; and cast ingot extruded at 673 K, 69.9 Hv. The hardness of wrought alloys using atomized powder compacts was higher than that using the cast ingot and showed a remarkable dependence on the grain size. The mechanical properties of wrought AMX602 alloys are shown in figure 6 . Figure 6a shows tensile stress-strain curves in extruding the atomized powder compact and cast ingot material at 623 K. The extruded AMX602 alloy using the atomized powder compact indicates an increase of tensile strength (TS) and yield strength (YS) compared to the ingot extruded alloy, about 35% and 70%, respectively. In particular, a phenomenon suspected in yielding is detected when using the powder compact. In the fractured surface of each tensile test specimen, the powder compact extruded alloy, figure 6b, shows no fracture at primary particle boundaries and fine dimple patterns. This means the particle bonding is strong and cracks propagate inside particles, not grain boundaries. When testing the cast ingot, figure 6c, dimple patterns were observed, but some cracks occurred inside the coarse brittle intermetallics. Figure 7 indicates a dependence of the tensile properties of wrought AMX602 alloys on the extrusion temperature. Both materials reveal the decrease of TS and YS, with increase in the extrusion temperature due to microstructure coarsening. However, the elongation increases with increasing temperature, 14.2% for the atomized powder and 17.7% for the cast ingot at 623 K. Note that the TS of 447 MPa and YS of 425 MPa is obtained in the extruded material by using the rapidly solidified AMX602 powder, which was superior to the conventional aluminum alloy 2014-T4 heat treatment. 
Terminal Ballistic Evaluation
Test Setup
Ten magnesium plate samples were produced for ballistic evaluation. The nominal dimensions of the samples were 308 × 38 × 5 mm. The test designation and the manufacturing of each sample are shown in table 1. The conventionally rolled plates were designated X-6 and X-7.
The thin plates were held vertically in a test fixture by one clamp on each 308-mm edge. Ballistic testing of all magnesium plate samples was performed by the U.S. Army Research Laboratory (ARL) at Aberdeen Proving Ground, MD, in accordance with MIL-STD-662F (6). Ballistic results were characterized using the standard V 50 test methodology, also documented in MIL-STD-662F. Due to the limitation of sample sizes, the V 50 ballistic limit of samples 1-1, 2-1, and 4-1 was calculated using the average between the high partial penetration and low complete penetration. Pictures of the test setup are shown in appendix A. 
Projectile
Because of the thin gauge of the samples, the 0.22-cal. fragment-simulating projectile (FSP) was selected to evaluate the magnesium alloy plates. The FSP used is produced in accordance with MIL-DTL-46593B (MR) (7) and is depicted in figure 8 . This projectile design is utilized in acceptance tables for current military specifications. 
Ballistic Comparison
V 50 ballistic limit for each magnesium plate is shown in table 2. Each sample was weighed, and the areal density and ballistic limits were calculated. The V 50 ballistic limit firing records are shown in appendix B. The data did not show a statistically significant difference in ballistic performance as a result of processing. The standard deviation of the each V 50 was within the acceptable required testing limits. Based on this data, it is recommended that any future samples have a minimum thickness of 12.7 mm.
Material Response
Initial analysis of the material responses is shown in table 3 and figures 9-18. The projectile made an initial indentation, resulting in plastic shearing and the formation of a plug. The back of the samples showed different material failures. Magnesium alloy AMX602 proved to be a brittle material under all manufacturing processes. Some of the entry holes exhibited adiabatic shearing. Large spall failure (scabbing) occurred on the back of the magnesium alloy AMX602 samples after the fragment impact. Spalling is the detachment of a layer of material in the area surrounding the location of impact, occurring on either the front or rear surfaces of a sample. This indicates the ductility of magnesium alloy AMX602 needs to be improved. The manufactured powder magnesium alloy AZ31B petalled during impact, allowing some of the energy of the projectile to be dissipated through plastic deformation. Petalling is the peeling of material into segments after impact. Conventionally rolled magnesium alloy AZ31B showed little spall compared to powder-processed magnesium alloys. 
Conclusions and Future Research
Ballistic performance appeared constant regardless of processing route. The magnesium plate may not be thick enough to properly show the effect of material processing differences. Therefore, it is recommended that future evaluations be conducted with magnesium plate with a minimum thickness of 12.7 mm.
These results indicated not only high TS and YS, but high elongation produced by good metallurgical bonding between primary powders. A large quantity of alloying elements in the matrix is not suitable to maintaining high elongation. The grain and intermetallics refinement was effective in improving the balance of strength and ductility of the magnesium alloys, although the thermal history in consolidating rapid, solidified magnesium alloy powder should be optimized. The effect of surface oxide (MgO) films of raw powder on the metallurgical bonding will also investigated by microstructural analysis. Furthermore, the materials strengthening by fine dispersoids, which have a good wettability with magnesium, e.g., titanium particles, will be considered in the future work. Notes: • CP = complete perforation; penetrator or target material exits rear surface of the target.
B.1 Material Sample 1-1
• HP = highest partial perforation; V 50 ballistic limit is typically above this velocity.
• LC = lowest complete perforation; V 50 ballistic limit is typically below this velocity.
• PP = partial penetration; ;the penetrator is defeated by target.
• Result = result of shot; CP or PP.
• Striking velocity = velocity of the projectile just prior to impacting the target. 
B.2 Material Sample 2-1
